Thionins are small cysteine-containing, amphipathic plant proteins found in seeds and vegetative tissues of a number of plant genera. Many of them have been shown to be toxic to microorganisms such as fungi, yeast, and bacteria and also to mammalian cells. It has been suggested that thionins are present in seeds to protect them, and the germinating seedling, from attack by phytopathogenic microorganisms, but the mechanism by which they kill cells remains unclear. Using electrophysiological measurements, we have shown that ␤-purothionin from wheat flour can form cation-selective ion channels in artificial lipid bilayer membranes and in the plasmalemma of rat hippocampal neurons. We suggest that the generalized toxicity of thionins is due to their ability to generate ion channels in cell membranes, resulting in the dissipation of ion concentration gradients essential for the maintenance of cellular homeostasis.
Thionins were first identified as a group of low molecular weight proteins in the organic solvent-extractable fraction of wheat and barley flour (1, 2) . The purified proteins were subsequently found to kill microorganisms (3) . This led to the proposal that these proteins are present in plants as a defense against microbial attack. Thionins are found in many cereal tissues (4) and have been identified in other plant species (5) , and they form a diverse class of proteins with low sequence similarity but highly conserved three-dimensional structure.
Evidence for a role in the constitutive defense of plants against pathogen attack has been provided by the expression of thionins in transgenic plants. Carmona et al. (6) showed that expression of barley ␣1-hordothionin in transgenic tobacco led to an increase in resistance to the bacterial pathogen Pseudomonas syringae, whereas overexpression of an endogenous leaf thionin in Arabidopsis thaliana resulted in an increase in resistance to the fungus Fusarium oxysporum (7) .
Various thionins have been reported to have a wide array of effects on the viability and biochemical or physiological functions of both animal and microbial cells. This has prompted a number of models to explain their mode of action, none of which consistently explains all of the available data (for reviews, see Refs. 8 -10) . The thionins are known to alter the permeability and fluidity of the plasma membrane of treated cells (11, 12) . However, their action at this site is still under debate. Thionins are toxic to a wide range of cells, and nearly every organism tested has proven to be susceptible (8, 13) . This universal toxicity suggests that the manner in which thionins kill cells does not rely on a specific cell surface receptor and that the processes disrupted by thionins are common to most cells. It has recently been shown that ␥-zeathionins are sodium channel agonists (14) ; on the basis of that observation together with the data presented in this paper, we suggest that the nomenclature for these two classes be changed, as they clearly act in functionally distinct manners.
The most readily observed effect of thionins on cells is the disruption of membrane integrity (10, 11) . Treatment of cells with thionins also causes leakage of ions across the cell membrane (11, 15) . Divalent metal ions inhibit thionin toxicity (13, 14) , and 2-5 mM Ca 2ϩ is sufficient to completely protect cells, whereas calcium chelators increase the toxic effect of thionins (15) . Iodination of tyrosine 13 of the Pyrularia pubera thionin, a residue found in all toxic thionins, leads to a loss of toxicity (16, 17) . This residue is absent only in the two nontoxic members of the thionin family the crambins (18) . These data suggested to us that it may be the protein directly that is responsible for plasma membrane disruption, rather than secondary effects, and that this might be initially through the formation of ion channels by a complex of thionin molecules inserted into the plasmalemma. The passage of ions through the channel probably involves Tyr-13, which is on one side of the protein in the center of a hydrophilic domain (Protein Data Bank accession number 1BHP). A previous study concluded that thionins do not form ion channels (11) , but inconclusive electrophysiological methods were used without adequate controls. Another study also concluded that ␣-purothionin (19) did not form ion channels by assuming that large fluorescent cations would correctly mimic the natural substrate of the proteins. Using a highly purified preparation of ␤-purothionin (␤-pth), 1 we provide conclusive evidence that thionins form monovalent cationselective ion channels when inserted into either artificial or natural membranes and that this is the most likely primary mode of action of these cytotoxic proteins.
MATERIALS AND METHODS
Thionin Purification-␤-Purothionin was prepared from unbleached wheat flour by petroleum ether extraction and acidic ethanol precipi-* The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The (20) and subjected to preparative cathodic electrophoresis (21) . The protein from the electrophoresis was subjected to reverse phase chromatography on PorosR2 media in 0.1% trifluoroacetic acid using a 10 column volume gradient from 0 -70% acetonitrile on an Amersham Pharmacia Biotech FPLC at 2 ml/min. The peak fraction that contained ␤-pth was identified by matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-MS), as well as by bioassays for cytotoxicity. Peak fractions from the FPLC were taken and diluted 1:100, and 1 l was added to 10 l of saturated ␣-hydroxy cinnamic acid, of which 2 l was spotted onto a target. The protein was analyzed on a Varian time of flight mass spectrometer using an accelerating voltage of 25,000 V. Laser power and gain were altered to give the highest possible signal to noise ratio. The standards used for calibration were bovine insulin (molecular weight, 5734.5) and gramicidin S (molecular weight, 1141.5). The fractions that contained a protein giving a molecular mass signal of 4921 Da (calculated from the ␤-pth protein sequence) were pooled and further purified by cation exchange chromatography on a Bio-Rad MA7S column in 20 mM sodium citrate, pH 3.5, using a 15 column volume gradient of 0 -2 M NaCl. Fractions containing ␤-pth were desalted by repeating the reverse phase chromatography and subsequently lyophilized. The purified product was subjected to N-terminal sequencing to confirm its identity. Two other purothionins were also purified from the same starting material: ␣1-pth was resolved from ␤-pth and ␣2-pth at the first reverse phase step, and ␣2-pth was resolved from ␤-pth during the cation exchange chromatography. All of the purothionins (␣1, ␣2, and ␤) were homogenous, as judged by MALDI-MS and SDS-polyacrylamide gel electrophoresis.
Cytotoxicity Bioassays-Toxicity of the intermediate and purified fractions of the thionins was determined by treating mouse p388 (ATCC) cells and the fungus Verticillium dahliae with ␤-pth. Mouse p388 cells were cultured in Eagle's minimal essential medium F15 supplemented with 10% horse serum (Life Technologies, Inc.) at 37°C in a CO 2 incubator, harvested after 48 h at 4°C, and resuspended at 1 ϫ 10 6 cells/ml in phosphate-buffered saline. Lysis was monitored by adding 1 M ␤-pth to 0.5 ml of cells and observing through a Zeiss light microscope at a magnification of ϫ 400. Verticillium growth was monitored according to Brokaert et al. (22) except that Czapeks Dox broth (Difco) was used as the culture medium.
Iodination of ␤-Purothionin-2 mg of purified ␤-pth was iodinated using lactoperoxidase as per Wada et al. (17) . The extent of iodination of Tyr-13 was determined by MALDI-MS.
Electrophysical Measurements with Artificial Membranes-Artificial lipid bilayers were made with phosphatidylserine (PS), phosphatidylethanolamine (PE), and phosphatidylcholine (PC) dissolved in ndecane and painted across a small aperture in the wall of a 2-ml Delrin cup separating cis and trans chambers containing salt solutions (23) . The membranes formed in these experiments were made in two compositions, PS:PE:PC 2:2:1 and PE:PC 2:1. The cis chamber of the bilayer apparatus normally contained 100 mM NaCl, and the trans chamber normally contained 10 mM NaCl in 5 mM MES-NaOH, pH 6. The cis chamber was connected to ground, and the trans chamber was connected to the input of an amplifier (Axopatch 200, Axon Instruments). Voltages were measured in the trans chamber relative to the grounded cis chamber. Thionin preparations were dissolved in water and added to the cis chamber at 800 nM and stirred until channel activity was observed. To show the effect of adding calcium ions to an active bilayer (held at Ϫ40 mV, cis to trans), 10 mM calcium chloride (final concentration) was added to the cis chamber and stirred for 10 s. To remove the free calcium from the chamber, EGTA and phosphate were added at 12 and 20 mM, respectively.
Patch Clamp Measurements-Rat hippocampal neurons were cultured and patch-clamped according to Curmi et al. (24) . The electrode solutions were supplemented with 200 nM ␤-pth by backfilling. The pipette solution contained 150 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 10 mM TES, pH 7.2. The bath solution contained 135 mM NaCl, 3 mM KCl, 2 mM CaCl 2 , 5 mM MgCl 2 , 10 mM TES, pH 7.2.
RESULTS
The purified ␤-pth preparation was homogenous as judged by both MALDI-MS (Fig. 1a) and SDS-polyacrylamide gel electrophoresis using silver and Sypro (Molecular Probes) staining (data not shown). N-terminal sequencing of the first 12 amino acids confirmed its identity. The protein was biologically active as shown by its ability to kill mouse p388 (ATCC) cells (Fig. 1b) and the fungus Verticillium dahliae (data not shown). Batches used in these experiments were toxic to both cell types at concentrations of 200 nM and above and after 30 min, as judged by microscopic examination, resulted in 95% cell death at 1 M using p388 cells. The plasma membrane was visibly altered in two ways: vesicles were pinched off, remaining associated with the nucleus, and membrane blebs formed. These effects are similar to those observed by Piller et al. (25) using the HIV Vpr, a small basic protein that forms cation-selective ion channels in artificial bilayers (21) . At higher concentrations (above 5 M), rapid and complete cell lysis was observed.
When 800 nM ␤-pth was added to the cis chamber of the bilayer apparatus and briefly stirred, ion channel activity was observed after about 5 min and continued until the bilayer broke down, typically 30 -60 min. The current trace from a typical experiment is shown in Fig. 2a . Currents typically displayed several amplitudes (0 -15 pA) and reversed at positive potentials. In 10 experiments, the average reversal potential was ϩ35 Ϯ 3 mV (mean Ϯ 1 S.E.) (Fig. 2b) , indicating that the membrane had become about 7 times more permeable to Na ϩ than to Cl Ϫ . When KCl was substituted for NaCl, the reversal potential was very similar (ϩ38 Ϯ 3 mV; n ϭ 5), indicating that channels were about equally permeable to Na ϩ and K ϩ . The I/V curve for ␤-pth showed significant rectification. Channels were formed when ␣1-and ␣2-purothionin were added to artificial bilayers, and the reversal potentials were ϩ45 Ϯ 2 and ϩ52 Ϯ 3 mV, respectively (data not shown).
Thionins are nontoxic in vivo in the presence of low millimolar concentrations of Ca 2ϩ (13, 15) . In the artificial bilayers, ion channel activity caused by ␤-pth was also completely blocked when 10 mM Ca 2ϩ was subsequently added to the cis chamber (Fig. 3a) . This inhibition was long term (t Ͼ1 h) and could not be reversed by adding EGTA at concentrations up to 12 mM to the cis chamber. It was only partially reversed by the addition of 20 mM phosphate (not shown).
Channel activity was potential-dependent, as illustrated in Fig. 3b . Channel activity was reduced when the potential was switched from Ϫ40 to ϩ40 mV (cis-trans). The cessation of activity was not immediate but occurred after a delay of several 
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seconds. Conversely, channel activity gradually increased when the potential was switched from positive to negative (cis-trans) (data not shown). Both ␣1-pth and ␣2-pth conducted ions at potentials more positive than the reversal potential (data not shown).
The role of tyrosine 13 in the toxicity of other thionins has been well established by iodination experiments (16, 17) . Iodinated ␤-pth in our experimental system did not form ion channels in lipid bilayers (n ϭ 5), even at low negative potentials (cis-trans, Ϫ200 mV) and high protein concentrations (80 M). It was also completely inactive against mouse p388 cells and fungal hyphae (data not shown).
We and others (15) have shown that ␤-purothionin is toxic to mammalian cells (Fig. 1b) . Ion channels were activated in cell-attached patches on rat cultured hippocampal neurons when the recording pipette contained ␤-pth (800 nM, Fig. 4) . The channels were recorded with a pipette potential of Ϫ20 mV and reversed at a pipette potential of Ϫ60 mV (thus, if the membrane potential was Ϫ60 mV, the transmembrane potential was 0 mV), indicating that the ion channels formed by the protein were permeable to both Na ϩ and K ϩ ions. This potential was chosen because no natural cation-selective channels are active, although occasional spontaneous chloride channels are observed. In Fig. 4 , the cation currents show upward deflections from zero. Similar results were obtained in three patches.
DISCUSSION
The ␤-pth purified from wheat flour was biologically active and able to kill both fungal and mammalian cells at low nanomolar concentrations. Applying ␤-pth to p388 mouse cells resulted in rapid alterations in the surface membrane structure and cell morphology, as shown in Fig. 1b . This is consistent with previous observations that suggest that thionins act at the plasmalemma. We found that ␣1-, ␣2-, and ␤-purothionins formed ion channels that are cation-selective in artificial bilayers and that ␤-pth formed channels in biological membranes. The selectivity of the ␤-pth-induced channels indicates it is 7 times more permeable to monovalent cations (K ϩ and Na ϩ ) than to Cl Ϫ . This protein is a potent broad-spectrum toxin, and according to our model for its mode of action, high ion selectivity would not be necessary for its function in vivo. Two other purothionin toxins (␣1 and ␣2) are less toxic than ␤-pth and, interestingly, display greater selectivity for cations over anions as indicated by their higher reversal potentials. They also show other properties different from ␤-pth that might account for the difference in toxicity. Previous studies that concluded that thionins did not form channels were flawed in two ways: one In bilayers consisting of PS:PE:PC 2:2:1, ␤-pth displays unusual electrophysiological properties. a, inhibition of ion conductance by the addition of 10 mM calcium to an active bilayer containing ␤-pth held at Ϫ40 mV. The bilayer was stirred briefly after the addition, and approximately 30 s later, the conductance rapidly increased prior to a permanent inhibition. The trace indicates the last seconds before the inhibition was observed, after calcium addition and stirring. The inhibition was not reversible over time or by the addition of calcium chelating agents (n ϭ 3). b, the open probability of channels formed by ␤-pth is not maintained at potentials 10 mV above the reversal potential. Shown is the effect of rapidly switching from Ϫ40 to ϩ40 mV at the 2.4 s mark of this trace. The currents initially reversed, and then channel activity rapidly dropped to zero at the 4 s mark. The channels did not reactivate at this potential.
FIG. 4.
␤-pth formed ion channels in cell-attached patches on cultured rat hippocampal neurons. Neurons were cultured as described under "Materials and Methods," and the electrode solution was supplemented with 800 nM ␤-pth. The electrode potential was held at Ϫ20 mV. The currents reversed at Ϫ60 mV, indicating that the channels are permeable to potassium and sodium ions.
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study determined that alterations in conductance were due to protein binding (11) , and another assumed that large fluorescent cations would mimic the channels natural substrate (19) . In this study, we show by direct measurement that purothionins form cation-selective channels in lipid membranes.
There is a good correlation between cytotoxicity and ability to form ion channels. Iodinated ␤-pth, which is nontoxic, was not capable of forming ion channels under conditions most favoring channel activity, i.e. low negative potentials and high protein concentrations. Preparations of ␤-pth that were not cytotoxic due to residual lipid contamination were also not able to form ion channels in artificial membranes (data not shown). The formation of ion channels in artificial bilayers lacking other cellular components suggests that thionins may be toxic to a wide range of organisms because they form ion channels and not, as has been suggested previously, because of membrane breakdown associated with protein binding (11) , redox activities (26), or activation of secondary messenger enzymes (27) .
Membrane composition has significant effects on the properties of the ion channels formed by ␤-pth and may therefore influence toxicology toward different cell types. In bilayers without PS, the channels formed by ␤-pth gave square openings and multiple subconductance states (Fig. 2a) . In a bilayer containing PS, there were multiple subconductances combined with irregular openings (Fig. 3b, bottom) . This type of conductance pattern is typical of small protein channels (28) . PS is highly negatively charged and this may influence the aggregation state of the protein within the bilayer, altering co-operativity between aggregates, and hence exert an influence on channel conductance.
The channels formed by ␤-pth display some unusual electrophysiological properties, and these are shown in Fig. 3 . It is known that thionin toxicity can be eliminated and reversed by adding extracellular calcium (15) . Adding calcium to an ionconducting bilayer containing ␤-pth completely inhibited channel activity (Fig. 3b) . This inhibition could not be reversed by calcium chelators. Although it is common that monovalent cation-selective channels will discriminate between divalent and monovalent cations or be activated/inhibited by Ca 2ϩ , it is unusual that the inhibition is not reversed by chelation. This suggests that the calcium is being buried or sequestered within the thionin channel. The tertiary structure of thionin, because of the extensive disulfide bridging, is very rigid (Protein Data Bank accession number 1BHP), so it is unlikely to be simply a conformational alteration in the individual thionin units. One explanation could be that the thionin itself strongly chelates the calcium, near the site through which ions pass, blocking the passage of other ions. The iodination of Tyr-13 results in an inactive toxin that does not form ion channels, although it is probably still able to bind to membranes (12) . This suggests that the chemical and/or steric environment surrounding Tyr-13 is important in ion conductance and may indicate that this residue forms a part of the pore through which ions pass. The channels formed by the ␤-pth displayed pronounced rectification: currents were not maintained at positive potentials approximately 10 mV above the reversal potential (Figs. 2b and  3b ) when all the channels had closed. A delay was often observed before current activity started after the potential was switched back to a negative potential. The delay may reflect the time taken for ␤-pth to adopt the correct orientation and aggregation state to enable ion conductance. These proteins are very small (5 kDa), and the largest ␣-helical segment is not sufficiently long to span a bilayer; therefore, a single molecule is unlikely to form an ion channel. Thionins exist as a dimer in solution (29) , and in crystals, higher order structures are found, suggesting that thionins are able to form complex quaternary complexes (30) . The channels observed in the artificial bilayers clearly result from the formation of a specific protein complex with defined electrophysiological properties and are not consistent with nonspecific bilayer breakdown.
Although the formation of ion channels in artificial membranes indicates that ␤-pth may kill by ion channel formation, it is an artificial system, and channels may not occur in vivo. However, we demonstrated that ␤-pth is able to form cationselective ion channels in cultured rat hippocampal neurons, confirming the data obtained in the artificial bilayers. The most likely mode of thionin toxicity at low concentrations is therefore through the formation of these cation-selective channels that dissipate the concentration gradients of potassium and sodium ions across the plasmalemma. The loss of ion homeostasis would result in the destruction of the plasma membrane potential. The plethora of observed physiological and biochemical effects of thionin application can then be explained by the many downstream effects that would follow depolarization and loss of the capacity of the cell to maintain homeostatic control of cellular functions.
The thionin binding site on the plasmalemma must be the lipid surface itself, as it is able to form active ion channels in artificial bilayers where no other protein components are present. It has previously been suggested that thionins bind to phosphatidylinositol (10) , but this lipid was not present in the mixtures tested in these experiments, and in wheat flour, a number of different lipid components are associated with extracted thionins (18) . Monovalent cations are able to inhibit thionin toxicity at high concentrations (31) and may act by disrupting ionic interactions between the thionins and the lipid binding sites. Divalent cations probably act by chelating the thionin binding sites, thus preventing thionin binding (15) . Thionins are present in solution as a dimer, but this unit has only a single hydrophobic face and so is unlikely to be the only unit of the conducting channel. Teeter et al. (30) observed an octamer in ␣1-pth crystals, and although this unit has the hydrophobic surface facing the interior, it may invert in a lipid bilayer to form a channel with four head-to-tail dimers as the conducting unit.
Membrane lytic activity has previously been observed with Pyrularia thionin (15) , which indicates that the thionins are able to lyse membranes directly. This lytic activity may be a general property of the whole family, as both artificial bilayers and natural membranes were unstable when high concentrations of ␤-pth were applied. The small anion-selective channel forming peptide melittin from honeybee venom is also highly lytic and has been proposed to act in a two-step mechanism in killing cells (32) , initially acting as an ion channel to depolarize cells and, if present at sufficient concentration, lysing cells directly.
The manner in which the plant protects itself from thionin toxicity in vivo is not currently known. In vivo the thionins are targeted to storage vacuoles (33) and are present in the seed of cereals at extremely high concentrations, up to 10% of the total protein in wheat flour (18) . ␤-pth would be inactive as a channel protein within the plant vacuole because of its high positive transmembrane potential, but ␣1-pth and ␣2-pth were both shown to form ion channels at high positive potentials. The plant must have other mechanisms to protect itself against the toxicity of the thionins it accumulates in its seeds, presumably through their packaging within the storage vacuole. The very low concentrations at which the thionins are able to kill cells and the high amounts in which they are present would provide a significant obstacle to pathogen colonization of cereal and other plant seeds, and this is clearly their main biological function.
Our observation that thionins form ion channels is a significant advance in the study of thionin toxicology. It explains the majority of observed cellular effects of thionins at concentrations that are well within the range at which they are physiologically active. The observed differences in channel properties between the different purothionin types is also a step toward explaining their different toxicology, and the existence of many natural thionin variants and a well characterized three-dimensional structure make this a promising model system to further explore ion channel function.
